a reduced speed of 1.7 m/min or less ( Figure 1A , p Ͻ their experimental counterparts ( Figure 1C ). In addition, the duration of each run was significantly longer in wild-0.0001 for CXCR4-MO, P ϭ 0.0027 for SDF-1a-MO, and P ϭ 0.0018 for MZ oep). Disruption of SDF-1a signaling type PGCs (13.5 min Ϯ 1.7 SEM for cells in wild-type embryos compared with 8.6 min Ϯ 0.9 or less in manipupathway was achieved by employing morpholino (MO) antisense oligonucleotides to inhibit the translation of lated embryos p Ͻ 0.006). We therefore conclude that the increased duration of the runs in wild-type cells sdf-1a (SDF-1-MO) or cxcr4b (CXCR4-MO) (Doitsidou et al., 2002) .
represents the major contribution to their higher speed during migration. To account for the difference in migration speed, we have closely monitored the PGCs as they move on their Throughout their migration, PGCs extend pseudopodia and fillopodia (Weidinger et al., 2002 ; and data not delineated tracks. We found that migrating PGCs cycle between two behavioral modes; in one they move forshown). To characterize the nature of run and tumbling phases of PGC migration in greater detail, we monitored ward (hereafter referred to as "run") and in the other they stop and remain on the spot (referred to as "tumbling")
PGCs for the direction of pseudopodial protrusions and their respective duration. Examples of two cells ana-( Figure 1D ). Importantly, these modes of behavior appear to be independent of SDF-1a signaling; when we lyzed in this manner, each during run and tumbling phases, are shown in Figure 1E . Examination of wildexamined the nature of PGC migration in embryos in which SDF-1a signaling was knocked down, we also type PGCs revealed that during the run phase, cells extend protrusions mainly in the direction of the moveidentified the two alternating modes (CXCR4-MO in Figure 1D and SDF-1-MO, not shown). The idea that tumment or in its immediate vicinity and assume an elongated appearance. In contrast, during tumbling, PGCs bling and run behavior represent an intrinsic property of the migrating cell is most convincingly demonstrated effectively remain on the spot and extend protrusions all around the cell perimeter, thereby losing the polarized by the analysis of PGC migration in maternal zygotic one-eyed pinhead (MZ oep) mutant embryos. In these appearance. Moreover, while tumbling, PGCs extend multiple, shorter-lived protrusions as opposed to fewer embryos, no expression of the ligand is detected and the germ layers with which the PGCs normally interact, protrusions during run, of which some persist for minutes ( Figure 1E and Supplemental Movie S1). This disthe mesoderm and endoderm, are absent (Supplemental Figure S1A ; Gritsman et al., 1999; Weidinger et al., 1999).
tinctive nature of tumbling appears to be maintained upon knock down of SDF-1a signaling (data not shown) Despite these dramatic changes, most of the cells are motile and exhibit the characteristic run and tumble beand in the absence of the normal cellular environment (in MZoep mutants, Figure 1E ). In some cases, when havior (Supplemental Figure S1B and Figure 1D ). Hence, these two modes appear to constitute an intrinsic propdirectional cues or signaling is disrupted, affected PGCs perform run that deviates from that observed in wilderty of PGCs, presumably inherent in their migratory nature. type embryos. Here, run is associated with more protrusions that are more widely spread with respect to the Considering these findings, the higher speed exhibited by migrating wild-type PGCs relative to their MOmigration vector while the cells keep an elongated morphology ( Figure 1E and Supplemental Movie S1). Thus, treated or mutant counterparts could stem from either faster migration during run and/or spending more time although cell polarity can be obtained without a polarized signal, this polarity is frequently less pronounced in run phases. To distinguish between these possibilities, we first measured the speed of PGCs during the when compared with that achieved by cells responding to asymmetric distribution of the ligand. run phase in all experimental categories and found that they all show similar values, with slightly lower values for In summary, individually migrating PGCs alternate between two behavioral modes independently of the acti-CXCR4-MO ( Figure 1B) . The most significant difference between wild-type cells and cells in which the SDF-1a vation status of the directional signaling pathway, or of the cellular environment. However, strictly depending signaling was reduced was revealed when the proportion of run versus tumbling in a given time frame was on directional signaling activity, PGCs spend longer times in run and therefore exhibit an overall faster miassessed. From this analysis, it became apparent that wild-type PGCs spend more time in run phases than do gration. 
Conclusions
Studying zebrafish primordial germ cell migration in vivo, we identified several behavioral modes that are likely to be relevant for other migratory cells, as well, in particular those guided by chemokines. We find that cell polarity and motility are gained in the absence of any apparent extrinsic asymmetric signal and independent of the cellular context. This behavior is strikingly different from that described for neutrophils in which the 
